To compare hairy cell leukemia (HCL) with chronic lymphocytic leukemia (CLL) and normal B cells with respect to their B-cell receptors, somatic hypermutation (SHM) features in HCL were examined in a series of 130 immunoglobulin gene heavy chain rearrangements, including 102 from 100 classic (HCLc) and 28 from 26 variant (HCLv) patients. The frequency of unmutated rearrangements in HCLc was much lower than that in HCLv (17% vs 54%, P < .001) or historically in CLL (17% vs 46%, P < .001), but HCLv and CLL were similar (P ‫؍‬ .45). As previously reported for CLL, evidence of canonical SHM was observed in HCLc rearrangements, including: (1) a higher ratio of replacement to silent mutations in the complementarity determining regions than in the framework regions (2.83 vs 1.41, P < .001), (2) higher transition to transversion ratio than would be expected if mutations were random (1.49 vs 0.5, P < .001), and (3) higher than expected concentration of mutations within RGYW hot spots (13.92% vs 3.33%, P < .001). HCLv met these 3 criteria of canonical SHM to a lesser extent. These data suggest that, whereas 
Introduction
The status of the B-cell receptor on B-cell leukemias, encoded as on normal B cells by rearranged immunoglobulin genes, is appearing increasingly important with regard to somatic mutations. [1] [2] [3] For example, in B-cell chronic lymphocytic leukemia (CLL), an unmutated immunoglobulin gene heavy chain variable domain (IGHV), defined as more than 98% homologous to the germline sequence, is a more important prognostic variable than IGHV gene usage. 4 In addition to prognostic value, the pattern of somatic hypermutation (SHM) has been studied to explore the development of the B-cell before its malignant transformation. Because normal B cells undergo SHM as a response to antigen, classically within the germinal center, patterns of SHM are thought to provide clues as to the type and likelihood of antigen recognition by the malignant B cell before leukemogenesis. Nonrandom, potentially antigen-driven SHM has been described in B-CLL as well as normal B cells and has been called canonical SHM. 5, 6 Features of canonical SHM include (1) increased ratio of mutations that change (replace) versus those that do not change (silent) the amino acid sequence (replacement-to-silent [R/S]), particularly in the complementarity determining regions (CDRs) as opposed to framework regions (FRs), (2) increased ratio of transitions (purine to purine or pyrimidine to pyrimidine) to transversions, and (3) more than the expected percentage of mutations in the RGYW hot spots relative to the total number of nucleotides located within these hot spots. 7 Hairy cell leukemia (HCL) is also a chronic B-cell leukemia that is composed of only 2% of new cases of leukemia 8 but differs greatly from CLL in its morphology, antigen expression, and response to treatment. 9 As opposed to the reported CLL studies of up to 1939 patients each, 6 studies of mutation status in HCL have contained 5 to 82 patients each [10] [11] [12] [13] [14] [15] [16] [17] [18] and have included IGHV, IGHD, and IGHJ gene usage and homology to the closest germline sequence, but not characterization of the SHMs. A recent study of 105 untreated HCL patients identified several with multiple light chains. 19 In the present study, we were able to study 130 rearrangements in 126 HCL patients, including the 82 patients previously published 11, 12 where SHMs were not characterized. The 1481 total mutations analyzed allowed us to determine whether SHMs are canonical as in CLL and to detect differences in the pattern of mutations between classic HCL (HCLc) and variant HCL (HCLv), and using historical data, differences between these 2 disorders and CLL.
Methods

Patients and controls
Blood for DNA study was obtained as part of sample acquisition protocols with informed consent approved by the National Cancer Institute Investigator's Review Board in accordance with the Declaration of Helsinki. All samples were retrieved between 2001 and 2010. Of the 130 rearrangements in 126 patients examined, 85 rearrangements in 82 patients were published previously. 11, 12 All except 12 (10%) of the patients were drawn at the time of relapse from one or more courses of purine analog. Differentiation of HCLc versus HCLv was performed by morphology and flow cytometry as described previously. 12, 20 Specifically, diagnosis of HCLv was based on the accepted World Health Organization guidelines, which require cytohematologic features (leukocytosis, monocytes, prominent nucleoli, blastic/ convoluted nuclei, and/or absence of circumferential shaggy contours), variant immunophenotype (absence of CD25, annexin-A1, or TRAP), and resistance to conventional HCL therapy. 21 SHM data for CLL patients discussed herein were reported by other investigators. 5, 6 IGHVDJ rearrangement sequencing Total RNA was extracted from peripheral blood drawn into PAXgene tubes (PreAnalytiX) using a PAXgene RNA purification kit (PreAnalytiX) or from CD11c-sorted cells using the MagMax kit (Ambion). First-strand cDNA synthesis was performed by SuperScript III RnaseH-Reverse Transcriptase (Invitrogen) from 1 to 3 g of total RNA in the reaction mix in the presence of Oligo(dT)20 primer (Invitrogen) and 10mM dNTP mix according to the manufacturer's protocol as described previously. 12 Polymerase chain reaction amplification was performed in a single multiplexed reaction consisting of 6 IGHV FR1 primers combined with one IGHJ consensus primer as designed for the BIOMED-2 study. 22 All reactions were carried out in 50 L containing 10 pmol of each primer (InVivoScribe Technologies) using AmpliTaq Gold PCR Master Mix (Applied Biosystems) in the following conditions: denaturation at 95°C for 7 minutes followed by 35 cycles of denaturation at 95°C for 1 minute, annealing at 55°C for 30 seconds, and elongation at 72°C for 1 minute, and finally an elongation step at 72°C for 10 minutes. As reported previously, 12 a monoclonal sequence was defined when at least 5 of 10 clones had a completely identical sequence. CD11c sorting was used when the PAXgene tube contained too much contamination from normal B cells to result in a monoclonal peak by CDR3 spectratyping or a monoclonal sequence after cloning.
Cell purification using CD11c sorting
Peripheral blood mononuclear cells were purified from 25 mL of heparincontaining peripheral blood of HCL patients by Ficoll-Paque Plus (GE Healthcare), using the manufacturer's protocol and counted. The peripheral B-cell population was isolated by the Dynal B-cell-negative isolation kit (InVitrogen) and incubated with 20 L of Fc receptor blocking reagent (Miltenyi Biotec) during 10 minutes at 4°C. A total of 20 L of CD11c-biotin antibody (Miltenyi Biotec) was added to the sample and incubated at 4°C for 10 minutes. Cells were washed by adding 4 mL of MACS solution (Miltenyi Biotec) and incubated with Streptavidin MicroBeads (Miltenyi Biotec) for 10 minutes at 4°C followed by additional washing by 4 mL of magnetic-activated cell sorting and centrifugation at 300g for 7 minutes at 4°C. The CD11c ϩ population was captured using 25MS MACS separation columns (Miltenyi Biotec) by the manufacturer's instructions.
Sequence analysis
The closest germline IGHV for each HCL IGHV sequence was assigned using the International ImMunoGeneTics database (www.imgt.org). This database also aligned each sequenced rearrangement in terms of FRs and CDRs. Nucleotide differences between the rearrangement and its closest germline sequence were considered as mutations. For the purposes of counting SHMs, the IGHV region was considered as FR1, CDR1, FR2, CDR2, and FR3.
Statistics
Comparisons between groups of patients were performed by the Fisher exact test or by the Wilcoxon rank-sum test as appropriate.
Results
IGHV repertoire
A total of 130 IGHV-D-J sequences were analyzed from 126 patients with HCL, including 100 HCLc and 26 HCLv patients. Two HCLc and 2 HCLv patients each had 2 in-frame rearrangements. As shown in Figure 1A , IGHV3-type variable heavy chains were most commonly used (n ϭ 62) followed by IGHV4 (n ϭ 40) and IGHV1 (n ϭ 17). IGHV3-type variable heavy chains were more common in HCLc than HCLv (54% vs 25%, P ϭ .01), and IGHV4 was more common in HCLv than in HCLc (57% vs 24%, P ϭ .001). A total of 35 different IGHV genes were cloned. More than half (23 of 35) of these occurred in more than 1 patient, and their frequencies are shown in Figure 1B . The most frequently used IGHV genes in HCLc were IGHV3-23 (n ϭ 17, 17%), followed by IGHV3-30 (n ϭ 8, 8%), IGHV4-34 (n ϭ 7, 7%), and IGHV1-69, IGHV3-11, IGHV3-48, and IGHV4-39 (each n ϭ 5, 5%). In HCLv, the most frequently used IGHV gene was IGHV4-34 (n ϭ 10, 36%). Even though IGHV4-34 was the third most common HCLc IGHV gene, the largest difference between HCLc For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From and HCLv rearrangements was observed with IGHV4-34 (7% vs 36%, P Ͻ .001).
Structure of HCL V-D-J rearrangement
To characterize the CDR3 regions in HCL, the distribution and combination of different IGHJ and IGHD genes in the rearrangements were studied. The IGHJ4 gene followed by IGHJ6 and IGHJ5 were the most commonly used in HCLc and HCLv ( Figure  2A ). The distribution of IGHJ genes was not significantly different between HCLc and HCLv, or between HCL and normal CD5 Ϫ B cells. 22 As shown in Figure 2B , the most frequently used IGHD gene in both HCLc and HCLv was D3-10, followed by IGHD3-22, IGHD1-26, and IGHD3-3 for HCLc, and then IGHD3-22 and IGHD3-3 for HCLv. No significant differences between HCLv and HCLc were observed with respect to IGHD-or IGHJ-gene usage.
IGH mutation status
Using the 98% identity cutoff value to make the distinction between "mutated" and "unmutated" HCL rearrangements, 17 (17%) of 102 HCLc and 15 (54%) of 28 HCLv rearrangements were considered unmutated (Table 1; Figure 3 ). One HCLc and 5 HCLv IGHV sequences were 100% homologous to germline, with no mutations. As shown in Table 1 , the 54% of HCLv rearrangements that were unmutated was similar to the 41% to 46% values reported for CLL (P ϭ .45). 5, 6 However, HCLc rearrangements were more frequently mutated compared with CLL (P Ͻ .001). In only 1 of the 126 patients, multiple variants were observed for the cloned rearrangement, indicating that clonal diversity was very rare and that the mutated sequence is essentially fixed before malignant transformation. Moreover, the rearrangement sequence should not be affected whether obtained at the time of diagnosis or at relapse.
Unmutated rearrangements with respect to diagnosis and IGHV usage. As shown in Figure 3A , IGHV families differed markedly with respect to the distribution of unmutated rearrangements. For example, the IGHV4 family was 55% unmutated versus 11% for IGHV3 (P Ͻ .001). The IGHV1 family used by 17 rearrangements was only 6% unmutated, also significantly lower than IGHV4 (P Ͻ .001). As shown in Figure 3B , unmutated rearrangements were observed in 14 different genes, 6 of which were used by rearrangements from HCLv patients. The IGHV4-34 gene, associated with poor prognosis even in HCLc, 12 was most frequently unmutated (94%), and this gene was used by both HCLc (n ϭ 7) and HCLv (n ϭ 10). Subtracting the 17 IGHV4-34 rearrangements, there was no significant difference between HCLc and HCLv (12% vs 28%, P ϭ .13) or between IGHV4 and IGHV3 (26% vs 11%, P ϭ .1) in the frequency of unmutated rearrangements. Interestingly, all unmutated IGHV4-34 gene rearrangements in HCLc (n ϭ 6) and HCLv (n ϭ 10) used IGHV4-34*01 or *02 alleles, whereas the one mutated one was equally homologous to alleles *01, *02, and *08 with 94.56% homology. Although the percentage of IGHV4-34 genes that were unmutated was similar for HCLc and HCLv (83% vs 100%, P ϭ .4), the reported percentage of unmutated IGHV4-34 rearrangements in CLL (21% of 159 rearrangements) 6 was much lower than in the present study of HCLc (P ϭ .007) or HCLv (P Ͻ .001). IGHV1-69, observed in HCLc ( Figure 3B ; n ϭ 5) but not in HCLv, was always mutated, in contrast to CLL, where 241 (87%) of 277 rearrangements were unmutated (P Ͻ .001) 5, 6 Of several independent studies of gene usage in HCL rearrangements from a total of 191 specimens obtained before treatment, 10, [14] [15] [17] [18] 23 only one rearrangement expressing IGHV1-69 was reported, and it was also mutated. 23 None of the 5 HCLc IGHV1-69 sequences was from allele *01, compared with 214 (83%) of 259 CLL rearrangements that were from allele *01 (P Ͻ .001), 177 (83%) of which had 100% homology to germline. 6 The IGHV3-23 gene, the most common gene found in HCLc, was unmutated only in one case, very different from IGHV4-34 (P Ͻ .001). The IGHV3-23 gene was usually mutated in CLL as well. 6 Thus, the unmutated rearrangements were dispersed over a wide variety of genes and between HCLc and HCLv without concentrating within any group except for IGHV4-34. Moreover, differences in the frequency of unmutated rearrangements between HCL and CLL were observed not only with IGHV4-34 but also with IGHV1-69, indicating that the extent of SHM for a particular IGHV rearrangement may be both disease-and allele-specific.
Characteristics of SHM in HCLc and HCLv
The defined characteristics of canonical SHM include: (1) increased R/S ratios in the CDRs, (2) decreased R/S ratios in the FRs, Homology to germine classified as less than 95% (black), 95% to 98% (dark gray), more than 98% and less than 100% (light gray), and 100% (white).
(3) more transitions (A 3 G, G 3 A, C 3 T, and T 3 C) than transversions, and (4) bias toward mutations in RGYW hot spots. 5, 24 The 1 HCLc and 5 HCLv sequences with 100% homology to the germline sequences were not evaluable for mutation analysis. As shown in Table 2 , a total of 102 HCLc and 28 HCLv sequences were characterized with respect to number of mutations, R/S ratios in the CDR versus FRs, transition to transversion ratios in the CDR versus FRs, and percentage of the total mutations, which were located in RGYW hot spots. For HCLc, the ratio of total R to S-mutations was 1.79, and higher in the CDR (2.83) than in the FR (1.41) regions (P Ͻ .0001). Similarly, for HCLv, total R/S ratio was 1.92, with a trend toward higher R/S ratio in the CDR (2.27) versus FR (1.74) regions (P ϭ .067). There was a trend for higher R/S ratios within the CDR regions for HCLc compared with HCLv (2.83 vs 2.27, P ϭ .07). Although there are 4 possible transitions (A 3 G, G 3 A, C 3 T, and T 3 C) compared with 8 possible transversions (A 3 C, C 3 A, A 3 T, T 3 A, G 3 C, C 3 G, G 3 T, and T 3 G), the transition to transversion ratio was 1.48 for the HCLc sequences and did not differ between the CDR and FRs ( Table 2 ). The transition to transversion ratio was lower for HCLv than HCLc sequences (1.12 vs 1.49, P ϭ .04), and also was not significantly different between the CDR and FRs (1.19 vs 1.00, P ϭ .5). Table 2 shows that 13.92% of the 1214 HCLc mutations were located in RGYW hot spots, significantly higher than the percentage of total HCLc nucleotides within RGYW hot spots (3.33%, P Ͻ .001). For HCLv, 8.99% of the 267 mutations were located in RGYW hot spots, significantly higher than the percentage of total HCLv nucleotides within RGYW hot spots (3.54%, P Ͻ .001). The percentage of mutations in RGYW hot spots was higher for HCLc than for HCLv (13.92% vs 8.99%, P ϭ .03). Thus, SHMs in HCL displayed all of the established characteristics of canonical SHMs, including higher R/S ratios in the CDR than FRs, more transitions than transversions, and a higher than expected frequency of SHMs in RGYW hot spots. Furthermore, the HCLc sequences met these criteria to a greater extent than did HCLv sequences.
Characteristics of SHM with respect to IGHV family
To determine whether the evidence of canonical SHM was confined to just 1 or 2 IGHV families or was a general characteristic of HCL, the localization and change preferences of the mutations were characterized separately for the 3 most common IGHV families (Table 3) . For HCLc, a significant bias toward total R-versus total S-mutations in CDR versus FRs was observed for IGHV1 (P ϭ .007), IGHV3 (P Ͻ .001), and IGHV4 (P ϭ .0016). The lower number of HCLv mutations prevented similar analyses of statistical significance for HCLv. There was a trend for a higher R/S ratio in IGHV4 CDRs for HCLc versus HCLv (4.40 vs 1.38, P ϭ .062). The expected transition to transversion ratio, 1:2, was significantly exceeded for HCLc rearrangements of IGHV1 (P Ͻ .001), IGHV3 (P Ͻ .001), and IGHV4 (P Ͻ .001) type. As shown in Table 3 , HCLv rearrangements displayed a transition to transversion ratio higher than expected for IGHV4 (P Ͻ .001). Only 2 HCLv sequences were obtained for IGHV1, showing only a trend toward higher than expected transition to transversion ratio (P ϭ .088), and 7 HCLv IGHV3 sequences had overall more transversions than transitions, not different from expected (P ϭ .17). The transition to transversion ratio was significantly lower for HCLv IGHV3 compared with HCLc IGHV3 rearrangements (P ϭ .0013). As shown in Table 3 , the percentage of mutations in RGYW hot spots was significantly higher than expected based on the percentage of total nucleotides that were located in these hot spots, for HCLc families IGHV1 (P Ͻ .001), IGHV3 (P Ͻ .001), and IGHV4 (P Ͻ .001). Table 3 shows lower percentages of HCLv mutations in hot spots than HCLc, but still significantly more than predicted based on total nucleotides in hot spots for IGHV1 (P ϭ .017) and IGHV3 (P ϭ .019). The number of HCLv IGHV4 mutations was limited and did not display an increase in expected SHMs within RGYW hot spots (P ϭ .33). Thus, characteristics of canonical SHMs in HCLc cannot be accounted for by the mutation pattern in just one specific IGHV family because they are shared among the 3 most common IGHV families. Despite the lower number of HCLv sequences analyzed, evidence of canonical SHM was observed but to a lesser degree than in HCLc. Moreover, in several direct comparisons of HCLc with HCLv, focusing on IGHV3 or IGHV4, evidence of canonical SHM was significantly stronger with HCLc than with HCLv.
Distribution of SHMs along the IGHV sequence
To determine whether the mutations in the IGHV regions occurred randomly within the framework or CDR regions, an analysis was performed to determine the frequency of mutation at each of the 312 nucleotide positions. The positions analyzed included 78 for FR1, 36 for CDR1, 51 for FR2, 30 for CDR2, and 117 for FR3. For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From Sequence information was lacking regarding the first 48 nucleotides of FR1. As shown in Figure 4 , S-mutations occurred randomly with relatively even distribution, whereas R-mutations in HCLc and, to a lesser extent, in HCLv rearrangements appeared more localized to specific regions. As shown in Figure 4A , mutations were concentrated to CDR1 and CDR2, and mutations were also observed in the 5Ј and 3Ј ends of FR2, and to a lesser extent in FR3. The lack of mutations in the middle of CDR1 and CDR2 was simply related to the lack of 2 or 3 codons at these positions in most rearrangements. The HCLv sequences shown in Figure 4C also contained R-mutations more frequently in CDR1, CDR2, and the borders of FR2. Thus, the analysis of mutation frequency at each nucleotide position was consistent with canonical or nonrandom R-mutations, particularly for HCLc, and appeared consistent with a mechanism of SHM, which might lead to matured antibody affinity.
Mutations in strong (G-C) versus weak (A-T) nucleotide pairs
To determine whether GC and AT pairs are mutated with approximately equal frequency as they are in normal B cells, 25 the types of mutations in the rearrangements were analyzed. As shown in Figure 5A , GC and AT pairs were mutated with similar frequency for both HCLc (593 vs 621) and HCLv (130 vs 137). Thus, the nucleotide positions targeted for SHMs were not related to whether they were connected to the complementary strand with strong or weak hydrogen bonding.
Mechanism of bias in transitions over transversions
To determine whether the bias toward transitions over transversions was related to selection at the amino acid level, or whether the bias was the result of the mutation machinery independent of the resulting protein sequence, the mutations at wobble bases were studied as previously reported for CLL. 5 Wobble bases do not change the amino acid sequence, so bias in wobble mutations would be limited to the mutation machinery at the DNA or possibly transcription level. According to the data shown in Figure 5A , the bias of 4 possible transitions over 8 possible transversions for HCLc (observed 726 vs 488, expected 405 vs 809, P Ͻ .001) was also reflected in HCLc wobble mutations depicted in Figure 5B (observed 117 vs 94, expected 70 vs 141, P Ͻ .001). In contrast, as shown in Figure 4C -D, the bias of transitions over transversions for HCLv (observed 141 vs 126, expected 89 vs 178, P Ͻ .001) was not observed in the HCLv wobble positions (observed 15 vs 24, expected 13 vs 26, P ϭ .8). Compared with HCLv wobble bases, there was a trend for higher transition-transversion ratio for HCLc wobble bases (P ϭ .056). Thus, despite the relatively low frequency of SHMs in HCLv, the canonical analysis suggests that the mechanism of SHM may be different in HCLv compared with HCL. 
Stereotyped CDR3 sequences
As in CLL, where groups of patients have been described with similar or "stereotyped" CDR3 SHMs, 6, [26] [27] [28] [29] [30] involving approximately 1% of CLL sequences reported in several studies, several small groups with similar VDJ structure were noted in HCL. Of 7 patients with IGHV-23 rearrangements, 3 with IGHD6-6/IGHJ4 and 4 with IGHD3-10/IGHJ6 were noted. The largest group with similar structure is shown in Table 4 , containing IGHV4-34, IGHD3-10, and IGHJ4. Two patients, BH29 and BN15, had identical CDR3 sequences and differed only in the IGHV region. Patient BN38, although expressing the same IGHV, IGHD, and IGHJ genes as the other 4, was too dissimilar to be considered stereotyped.
Discussion
To determine whether the malignant B cells in HCLc and HCLv patients develop using canonical SHM, as was previously reported for normal B cells and CLL, [5] [6] 24 the mutations in a relatively large database of HCL IGHV rearrangements were cloned, sequenced, and analyzed. We found that IGHV genes in HCLc rearrangements were more frequently mutated than in HCLv or CLL. Moreover, HCLc-like CLL exhibited characteristics of canonical SHMs, and to a greater extent than HCLv rearrangements. Analysis of the SHMs affecting wobble bases indicated that for HCLc, as reported for CLL, 5 the higher than expected transition to transversion ratio was independent of amino acid selection and might reflect a bias in the mutational machinery. Finally, the lower evidence of canonical mutations in HCLv suggests that, in some patients with HCLv, malignant B cells may develop using a different mechanism or pathway perhaps independent of antigen selection.
Gene usage in HCL with respect to the status of patients tested
Based on previous data regarding IGVH gene usage in predominantly newly diagnosed HCL, 23 we found a higher percentage of IGHV4-34 ϩ patients to be unmutated. It should be noted that our study was skewed toward multiply relapsed HCL patients seeking salvage treatments. In comparing our 130 rearrangements with 58 recently reported by Forconi et al from newly diagnosed HCL patients, 23 we found 16 of our 17 IGHV4-34 clones to be unmutated versus only 1 of 5 from the reported study (P ϭ .003). We have recently reported that unmutated (but not mutated) IGHV4-34 portends a poor prognosis, particularly for response to single-agent cladribine. 12 Consistent with this finding, Forconi et al reported that their one patient with unmutated IGHV4-34 did not respond to cladribine. 23 Thus, the usage frequency of certain IGHV genes and the frequency of unmutated rearrangements may depend on the patient population studied. However, the lack of clonal instability makes the analysis of canonical SHM independent of whether patients are newly diagnosed or multiply relapsed.
Canonical SHM as evidence of antigen binding
The presence of canonical SHM in both normal and malignant B cells has been considered as strong evidence of an antigen-driven mutational process. 5, 6 We and others have previously analyzed SHM in HCL and in other situations in terms of related factors to detect an antigen-driven process, including total R/S ratio, CDR/FR ratio of R-mutations, and p-multinomial and p-binomial statistics. 11,14,18,31-37 Our previous study of these statistics in For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From 23 HCL patients identified only 2 patients with strong evidence (P ϭ .001-.003) of antigen-driven SHM. 11 Only with a much larger group of patients, as in the present study, was it possible to analyze SHMs for canonical characteristics in HCL. The canonical analysis presented here is more appropriate for comparing populations of patients rather than identifying certain patients with antigen-driven SHMs. With either analysis, it should be emphasized that, in the absence of identification of antigen, firm conclusions cannot be made about antigen dependence for SHMs in HCL cells. Studies of the nonfunctional VDJ rearrangements in normal B cells, which also undergo SHM, indicate that the mutation machinery that is needed for antigen-driven SHM may operate in the absence of selective pressure. [38] [39] [40] This point is illustrated by the high transitiontransversion ratio affecting wobble bases 5 ( Figure 5B ). Conversely, lack of canonical SHM does not exclude antigen-driven SHM, in view of examples where a single framework mutation greatly affects antigen binding. 41 Nevertheless, the study of canonical SHM in types of CLL and HCL may be useful and may shed light on their origin and biology.
Evidence of canonical SHM in HCLc versus HCLv
As was reported in CLL, 5, 6 we found strong evidence of canonical SHM in HCLc but less evidence for HCLv. Despite the limited number of total mutations in HCLv sequences available to analyze, several significant differences were observed in HCLv compared with HCLc, including lower transition to transversion ratio (P ϭ .04), lower fraction of SHMs in RGYW hot spots (P ϭ .03), and trends for lower R/S ratio in CDRs (P ϭ .067) and lower transition-transversion ratio in wobble bases (P ϭ .056). This suggests that, for some patients with HCLv, canonical mutations may not occur and that SHM may proceed randomly or by an alternative mechanism using noncanonical editing of antigen recognition regions. HCLv, at least in some patients, may be derived from B cells within or outside the marginal zone that may mutate via a T-cell independent mechanism that does not use canonical SHM and tends to use different IGHV genes. 42, 43 Knowing where the B cell becomes malignant may be of clinical importance, particularly when targeting an antigen, such as CD22, 44, 45 which might be expressed by differentiated HCL cells but not by their malignant progenitors if originated from an earlier antigen-negative B cell.
